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Outline	

•  Introduc:ons	  on	  
– Atmospheric	  neutrinos	  
– Neutrino	  oscilla:on	  
– Super-‐Kamiokande	  (Super-‐K)	  

•  Recent	  result	  of	  ν	  oscilla:on	  study	  with	  
atmospheric	  neutrinos	  

•  A	  Future	  project	  in	  SK	  
•  Summary	
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=	  Secondary	  products	  of	  primary	  cosmic	  rays	  in	  the	  atmosphere	
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π ± → µ± +νµ (νµ )

          → e± +νe(νe )+νµ (νµ )

p	  +	  A	  à	  π’s,	  ….	  

•  Several	  Flux	  predic:ons	  on	  the	  market:	  
•  Simula:on	  with	  external	  inputs	  

•  Primary	  CR	  fluxes,	  p+A	  cross	  sec:ons,	  	  
•  π’s	  produc:on,	  Geo-‐magne:c	  field,	  ..	  

•  Calculated	  fluxes	  are	  well	  tested	  (calibrated)	  by	  
CR	  muons.	  

corresponding to the neutrinos of 0.3–4 GeV.
For the wider energy region of primary cosmic rays, we

may examine the hadronic interaction model using the ob-
served muons at different altitudes and at sites with different
cutoff rigidities. Note that at ground level the muon fluxes
are available for a wider momentum range with good statis-
tics. We are preparing a paper !53" for such a study with the
muon fluxes observed by BESS !54–56", and so limit our-
selves here to comment that the muon flux observed by
BESS is reproduced with DPMJET-III with an accuracy of
#5 % for the muons in the ‘‘important’’ momentum range
from one to a few tens of GeV/c for most cases. At ground
level, the primary cosmic rays with energies from 20 to a few
100 GeV are responsible for the muons in this momentum
range, corresponding to neutrinos of 1–10 GeV. This study
was partly reported in Ref. !11".
We do not use the original package of the hadronic inter-

action code in the calculation of atmospheric neutrino fluxes.
We first carry out a computer experiment of the interaction of
all kinds of primary or secondary cosmic rays with air-
nuclei, using the original hadronic interaction code. Then,
the ‘‘data’’ are used to construct an inclusive interaction
code, which reproduces the multiplicities and energy spectra
of secondary particles of the original code. The inclusive
interaction code violates the conservation laws for energy-
momentum and other quantum numbers in a single interac-
tion, but they are restored statistically. Note that for the sec-
ondary particles whose lifetime is shorter than 10!9 sec we
record their decay products as the data. The experiment scans
the energy region from 0.2 to 106 GeV in kinetic energy, and
is repeated typically 1 000 000 times for each kind of projec-
tile and each injection energy.
For the energy distribution of secondary particles in the

interaction, we fit the original distribution of x, defined as
x$Ek

sec/Ek
pro j , with the combination of B-spline functions

for each kind of projectile particle, each injection energy, and
each kind of secondary. Then the inclusive code uses the
B-spline-fit to reproduce the energy distribution of the sec-
ondary particle with a good accuracy. For the scattering
angles, we calculate the average transverse momentum

(%p!&) for each kind of projectile, each injection energy,
each kind of secondary, and each secondary energy. In the
inclusive code, we sample the scattering angle (') with the
distribution function (exp(a•cos ')•d cos ', where a is deter-
mined so that %p!& is the same as the original interaction
model. The p!-distribution approaches (exp(!a!•p!

2 )
•p!dp! and a!")/(2%p !&)2 for p#1 GeV/c. Note, the in-
clusive code constructed for DPMJET-III reproduces not
only %p!& but also, approximately, the original
p!-distribution for p!$1 GeV/c. There is a longer tail in
the original p! distribution for larger p! . However, since the
number of secondary particles that have p!%1 GeV/c is
limited, they are not important in this study.
The constructed inclusive codes are typically #100 times

faster than the original package. The fast computation is very
important in the three-dimensional calculation of the flux of
atmospheric neutrinos, as well as the study of secondary cos-
mic rays. Note, however, the inclusive interaction code is
only valid for the calculation of a time averaged quantity,
such as the fluxes of atmospheric neutrinos and muons. The
situation is similar to the superposition model for the nuclear
cosmic rays.

IV. CALCULATION SCHEME

Except for the geomagnetic field model, the simulation
scheme is similar to the previous three-dimensional calcula-
tion !21" in which we assumed a dipole geomagnetic field. In
this calculation, we use the IGRF geomagnetic field model
!57" with the tenth-order expansion of spherical functions for
the year 2000. As the geomagnetic field changes very slowly,
the neutrino flux calculated for the year 2004 would not
show a noticeable difference. We use the US-standard 1976
!58" atmospheric model, as in the previous study. Note that
for a study of the seasonal variations of atmospheric neutrino
fluxes we need to use a more sophisticated and detailed at-
mospheric model !59".
We assume the surface of the Earth is a sphere with radius

of Re"6378.180 km. We also assume three more spheres:
the injection, simulation, and escape spheres. The radius of
the injection sphere is taken as Rin j"Re&100 km, the simu-
lation sphere as Rsim"Re&3000 km, and the escape sphere
as Resc"10'Re . The sizes of the injection sphere (Rin j)
and escape sphere (Resc) are the same as in the previous
study !21".
The cosmic rays are sampled on the injection sphere uni-

formly toward inward directions, following the given pri-
mary cosmic ray spectra. Before they are fed to the simula-
tion code for propagation in air, they are tested to determine
whether they can pass the rigidity cutoff, i.e., the geomag-
netic barrier. For a sampled cosmic ray, the ‘‘history’’ is ex-
amined by solving the equation of motion in the negative
time direction. When the cosmic ray reaches the escape
sphere without touching the injection sphere again in the
inverse direction of time, the cosmic ray can pass through the
magnetic barrier following the trajectory in the normal direc-
tion of time. In the one-dimensional calculation we normally
prepare a cutoff table for each neutrino detector site before-
hand, but it is practically impossible to construct such a table

FIG. 2. *Color online+ The quantity !Flux/Depth" averaged
over all the muon observation by BESS 2001 !52" at balloon alti-
tudes. The lines are the same quantities calculated by DPMJET-III
*solid line+, Fritiof 1.6 *dashed line+, Fritiof 7.02 *dotted line+, and
FLUKA 97 *dash-dot+.

NEW CALCULATION OF THE ATMOSPHERIC NEUTRINO . . . PHYSICAL REVIEW D 70, 043008 *2004+
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νµ/νe	  ~	  2	  	  
@Eν<a	  few	  GeV	

L~13000km	

L~15km	

Symmetric	  for	  Eν	  >	  a	  few	  GeV	  

νe	 νµ	

L~100km	

where S!!d" ’ "!2
d is the ‘‘area’’ of the virtual detector,

and !r ’
!!!!!!!!!!!!!!!!!
!2
x # !2

y

q
. The integrations of terms proportional

to !x or !y in Eq. (1) vanish, and nonvanishing terms start

from the integrations of second order terms, #!2;0"$ !2
x #

#!1;1"$ !x!y ##!0;2"$ !2
y, resulting in the terms proportional

to !4
d. For a sufficiently small !d, !$!!d" is expressed as

 !$!!d" ’ !!0;0" #!!2"!4
d

S!!d"
$ !!0;0" #!!2

0"!2
d; (4)

where !!2
0" % !!2"!2

d=S!!d" ’ !!2"=". When we have the
neutrino fluxes calculated with two virtual detectors with
small enough radii !d and !d=2 for the same target, we
expect !$!!d" &!$!!d=2" ’ !!2

0" ' (!2
d & !!d=2"2), then

!$!0", the true flux value at the target detector, is given as

 !$!0" $ !!0;0" ’ !$!!d" & 4
3 ' (!$!!d" &!$!!d=2"):

(5)

As is seen in Fig. 1, the difference of the !$!10*" and
!$!5*" is almost constant for cos!z > 0, so it should be
sufficient to examine the assumption and procedure for
vertical down going directions. In the left panel of Fig. 2,
we plotted the total neutrino flux for the vertical down
going directions ( cos!z > 0:9) calculated with different
size of virtual detectors, !d $ 10*, 5*, and 2.5* for
Kamioka, Sudbury, and Gran Sasso with the HKKM04
calculation. In the right panel of Fig. 2, we depicted the
difference to the estimated true value with Eq. (5) in the
ratio. We may say the convergence of the calculated fluxes
to the ‘‘true value’’ agrees with the expectation of Eq. (4),
and we apply the Eq. (5) with !d $ 10* and 5* to the
atmospheric neutrino flux calculated in the 3-dimensional
scheme. Note, the error due to the finite size of virtual
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FIG. 3 (color online). The comparison of the atmospheric
neutrino fluxes calculated with modified and original
DPMJET-III in ratio. The denominator is the original
DPMJET-III.
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FIG. 4 (color online). The comparison of all direction average of the atmospheric neutrino fluxes with other calculations
[8,19,20,24]; (a) the absolute values of each kind of neutrinos and (b) the ratio of them.

HONDA, KAJITA, KASAHARA, MIDORIKAWA, AND SANUKI PHYSICAL REVIEW D 75, 043006 (2007)

043006-4

Flux	  ~	  E-‐2.71	  at	  high	  energy	  region.	  
	  <10%	  uncertainty	  @1GeV	  region	  	  

•  Wide	  energy	  range	  
•  Wide	  range	  of	  light	  length	  
•  Passing	  through	  dense	  maher	  inside	  the	  Earth.	  
•  Mixture	  of	  νµ,	  νe,	  (and	  their	  an:-‐neutrinos)	  
•  Up/Down	  symmetric	  (>	  a	  few	  GeV)	  
•  DC-‐like	  con:nuous	  beam,	  FREE.	  
à	  Good	  opportunity	  to	  test	  ν	  oscilla:on	  physics.	

Atmospheric	  neutrinos	
Japan	

Brazil	



Neutrino	  flavor	  oscilla:on	  (PMNS	  matrix)	  
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	   Solar	  ν,	  

Reactor	  ν	

Atmospheric	  ν,	  
Accelerator	  ν	  experiments	  
(K2K,	  MINOS,	  T2K..)	  

Reactor	  ν, 
Accelerator	  ν,	  
Atm.	  ν	


θ23	  ~	  45°	  
Δm2

23	  ~	  2.5x10-‐3(eV2)	
θ12	  ~	  34°	  
Δm2

12	  ~	  8x10-‐5(eV2)	
sin22θ13	  ~	  0.1	  

P να →νβ( ) =

δαβ − 4 ⋅ Re Uαi
*UβiUα jUβ j

*( )
i> j
∑ ⋅sin2 Δmij

2

4E
L

&

'
((

)

*
++  ± 2 ⋅ Im Uαi

*UβiUα jUβ j
*( )

i> j
∑ ⋅sin 2 ⋅

Δmij
2

4E
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&

'
((

)

*
++

•  Three	  frequency	  driven	  by	  Δm2
ij,	  amplitudes	  by	  mixing	  angles.	  

•  Appearance	  (αàβ)	  is	  a	  window	  to	  observe	  δcp.	  
•  Mass	  hierarchy	  (sign	  of	  Δm2

ij),	  phase	  of	  δcp	  is	  s:ll	  open	  ques:ons	  



Super-‐Kamiokande	  

•  Ring-‐imaging	  Water	  Cherenkov	  Detector,	  
@1000m	  underground,	  Kamioka,	  Japan	  

•  Mul:-‐Purpose	  experiment	  
	  	  	  	  	  	  (Atm.ν,	  WIMP,	  Proton	  decay,	  solar-‐ν,	  T2K,..)	  
•  22.5kton	  Fiducial	  Volume.	  

39.3m 

41.4m 
Inner	  	  
Detector	  
(ID)	  

Outer	  
Detector	  
(OD)	  

• 4π acceptance,	  	  very	  efficient	  π0/e	  separa:on.	  
• High	  Par:cle	  ID	  (µ/e)	  power	  (~99%	  at	  
600MeV/c)	  

• Up/Down	  Symmetric	  response	  
• Cylindrically	  symmetric	  response	  
• Good	  energy	  reconstruc:on	  (~3%	  @	  1GeV)	  
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PID likelihood sub-GeV 1ring (FC)
-10 -8 -6 -4 -2 0 2 4 6 8 100

50

100

150

200

250

Super Kamiokande IV 1417.4 days : Monitoring

e-like 3191 muon-like 3110

CCQE electron

Super Kamiokande IV 1417.4 days : Monitoring

CCQE muon

Par:cle	  Iden:fier	

atmospheric	  neutrinos	

Four	  periods:	  
SK-‐I	  (1996-‐2001)	  SK-‐II	  (2003-‐2005)	  
SK-‐III(2005-‐2008)	  SK-‐IV(2008-‐Present)	  	  total	  4972days	  	  	  	



Event	  Topologies	  of	  Super-‐K	  events	

•  Energy	  spectrum	  of	  neutrinos	

7	

Fully	  Contained	  
(FC)	

Par:ally	  Contained	  
(PC)	

Upward	  	  
Stopping-‐mu	

Upward	  
Through-‐going	  mu	

~100MeV	  –	  over	  TeV	  neutrinos	



•  Dominated	  by	  νµàντ	  oscilla:on,	  νe	  oscilla:on	  is	  sub-‐dominant	  effect.	  
•  In	  ν	  oscilla:on	  analyses,	  calculate	  χ2	  between	  (Data	  vs	  MCs)	  for	  given	  ν	  

oscilla:on	  parameters.	  
•  In	  calcula:on,	  fit	  MC	  expecta:on	  by	  modifying	  within	  the	  es:mated	  systema:c	  

errors	  (~150	  systema:c	  errors	  from	  SK	  detector,	  flux,	  σ	  int.).	  

FC	  e-‐like	 FC	  µ-‐like	  +	  PC	 upward-‐going	  µ	

Totally	  19	  Sub-‐divided	  
samples.	  
They	  further	  binned	  by	  
•  zenith	  angle	  
•  energy	  (momentum)	  
•  SK	  period	  

Θ	

Upward	 Downward	

Super-‐K	  1+2+3+4	  data	  (4972days)	

8	

cos(Θ)	



Atmospheric	  neutrino	  flux	  measurement	  
	  in	  Super-‐K	

•  Using	  the	  observed	  Super-‐K	  
atmospheric	  neutrino	  events,	  
neutrino	  fluxes	  (νµ+an:-‐νµ,	  νe
+an:-‐νe)	  are	  measured.	  

•  An	  Unfolding	  method	  with	  
Bayesian	  theory	  is	  employed:	  
No	  bias,	  mathema:cally	  robust.	  

•  Systema:c	  errors	  are	  assigned	  
(from	  SK	  detector,	  ν-‐
interac:on,	  ν-‐	  oscilla:on	  
parameters.)	  

•  Especially,	  low	  energy	  region	  
Super-‐K	  gives	  good	  
measurement.	

Lines:	  Honda11	  calcula:on	

νµ+an:-‐νµ	  
(w/	  osc.)	

νe+an:-‐νe	

9	

Preliminary	  	  



Results	  of	  analysis	  of	  
ν	  oscilla:on	  	

10	



Evidence	  for	  ντ	  Appearance	  at	  Super-‐K	  	  

Fihed	  Excess	  

Atm ν BKG	  MC	   This	  corresponds	  to	  	  
180.1	  ±44.3	  (stat)	  +17.8-‐15.2	  (sys)	  events,	  a	  
3.8 σ excess	  	  	  (Expected	  2.7	  σ	  significance	  )	  

SK-‐I+II+III	  :	  2806	  days	  	  

β =	  0	  	  :	  no	  ντ	  	  

Background	   DIS	  (γ)	   Signal	  

0.94	  ±	  0.02	  	   1.10	  ±	  0.05	   1.42	  ±	  0.35	  

Phys.	  Rev.	  Leh.	  110,	  181802	  (2013)	  

•  	  Search	  for	  events	  consistent	  with	  hadronic	  
decay	  of	  τ	  leptons.	  

•  	  Mul:-‐ring	  e-‐like	  events,	  mostly	  DIS	  
interac:ons	  

•  	  Event	  selec:on	  performed	  by	  neural	  
network	  	  

•  	  Total	  efficiency	  ~60%	  
•  	  Negligible	  primary	  ντ	  flux	  so	  ντ	  must	  be	  
oscilla:on-‐induced.	  

11	

Phys.	  Rev.	  Leh.	  110,	  181802	  (2013)	  



Ψ(νe )
Ψ0 (νe )

−1≅ P2 (r ⋅c23
2 −1) 

	  Neutrino	  oscilla:on	  in	  atmospheric	  ν	


12	  

 s22θ12=0.825!
 s2θ23=0.4!
 s2θ13=0.04!
 δcp=45o!

 Δm212=8.3e-5!
 Δm223=2.5e-3! 	  (	  φ	  (osc.)	  /	  φ	  (no-‐osc.)	  )	  	  

•  Resonance	  term	  à	  sensi:ve	  
to	  mass	  hierarchy	  

•  “Solar	  term”	  à	  sensi:ve	  to	  
sin2θ23	  octant	  degeneracy	  

•  Interference	  term	  à	  CP	  
viola:on	  phase	  

•  νe	  flux	  distor:on	  is	  a	  key	  to	  
access	  to	  mass	  hierarchy,	  CP	  
phase.	  

                 − r ⋅ s13 ⋅ c13
2 ⋅sin2ϑ 23(cosδCP ⋅R2 − sinδCP ⋅ I2 )

                 + 2 s13
2 (r ⋅ s23

2 −1)

“Solar	  Term”	 Interference	

Resonance	

P2:	  Osc.	  prob.	  driven	  by	  12	  
sector	  
r:	  νµ/νe	  flux	  ra:o	  
R2,	  I2:	  	  osc.	  prob	  driven	  by	  
12sector	
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•  θ13	  fixed	  to	  PDG	  average,	  but	  its	  uncertainty	  is	  included	  as	  a	  systema:c	  error.	  
•  Offset	  in	  these	  curves	  shows	  the	  difference	  in	  the	  hierarchies.	  	  

Three	  flavor	  n	  oscilla:on	  analysis	  (θ13	  Fixed	  ,	  NH	  or	  IH)	  	  
Super-‐K	  atm.ν	


Fit	  (517	  d.o.f.)	   χ2	   δcp	   θ23	   Δm23 (x10-3)	  

Normal	  Hierarchy	  	   582.4	   4.19	   0.575	   2.6	  

Inverted	  Hierarchy	   585.4	   3.84	   0.575	   2.3	  

Inverted	  Hierarchy	  	  
Normal	  Hierarchy	  	  

Preliminary	  	  

13	



13θ2sin
0 0.01 0.02 0.03 0.04

2 χ 
Δ

0
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4

Update*of*SK*analysis*(θ13*is*free*)�

NH*
IH�

NH� IH�
χ2� 582.0� 583.9�

δCP� 240� 220�

Sin2θ23� 0.575� 0.55�

Δm2
23
� 0.0026� 0.0023�

Sin2θ13� 0.01� 0.005�

Best#Fit#(DOF*518)�

•  Best*fits*of*sin2θ13*are*different*from*sin2θ13afixed*analysis*value.*
•  The*effect*from*the*change*of*θ13*is*very*small.*�

	�

For*fixed*analysis*(2015)�

For*fixed*analysis*(2014)�

Inverted	  	  	  
Normal	  	  	  

•  Normal	  hierarchy	  favored	  at:	  

•   χ2NH	  –	  χ2IH	  =	  -‐3.0	  (-‐0.9	  at	  2014)	  
•  Addi:onal	  data	  
•  Bug	  fix	  (small	  effect)	  

•  S:ll	  Not	  a	  significant	  preference	  

•  	  Driven	  by	  excess	  of	  upward-‐going	  e-‐like	  
events.	  
•  consistent	  with	  the	  effects	  of	  θ13	  
•  Primarily	  in	  SK-‐IV	  data	  	  
•  Fit	  for	  θ13	  now	  weakly	  favors	  θ13 > 0	


•  	  Rejec:on	  of	  δcp	  ~	  60º	  driven	  by	  excess	  in	  
Sub-‐GeV	  electron	  events	  	  
•  	  Constraint	  is	  consistent	  with	  

sensi:vity	  	  

Preliminary	  	  

IH	  
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Allowed	  region	  on	  (sin2θ23,	  Δm2
32	  or	  Δm2

13)	  	  

•  Consistent	  with	  long-‐baseline	  measurements.	  
•  Atmospheric	  neutrinos	  allow	  wider	  parameter	  space,	  

Super-‐K	  Atm.	  ν	

T2K	  νµ	  Run1-‐4	  
MINOS	  Beam+	  Atm	  3f	  

Normal	  Hierarchy	   Inverted	  Hierarchy	  

Preliminary	  	  
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External	  Constraint	  from	  other	  Experiments	  	  
•  Adding	  external	  data	  set	  to	  atmospheric	  

neutrinos	  improve	  the	  sensi:vity	  to	  the	  
mass	  hierarchy:	  Sensi:vity	  depends	  on	  
values	  of	  Δm2	  and	  sin2θ23.	  

•  Fit	  the	  T2K	  νµ	  and	  νe	  	  data	  sets	  with	  SK	  
•  Same	  detector,	  generator	  and	  

reconstruc:on:	  systema:c	  error	  
correla:ons	  incorporated	  easily	  	  

•  	  Fit	  is	  based	  on	  publicly	  available	  T2K	  
informa:on	  and	  results	  	  

•  	  Simulate	  T2K	  using	  SK	  tools:	  make	  a	  
mimic	  T2K	  data.	  
•  (not	  a	  joint	  result	  of	  the	  T2K	  and	  

SK	  	  collabora:ons	  )	  	  

MINOS	  constraint	  is	  similarly	  important	  but	  
harder	  to	  model	  accurately	  (so	  far...)	  	  
	  

SK	  +	  T2Kνµ,	  νe	  
SK	  Alone	  

Hierarchy	  Sensi:vity	  NH	  True	  

16	



θ13	  Fixed	  SK	  +	  T2K	  νµ, νe	  	  ,	  Normal	  Hierarchy	  

SK	  Atm	  
SK+T2K	  νµ,νe	  Constraint	  

•  χ2NH	  –	  χ2IH	  =	  -‐3.2	  (-‐3.0	  SK	  only	  )	  
•  CP	  Conserva:on	  (sinδcp	  =	  0	  )	  allowed	  at	  (at	  least)	  90%	  C.L.	  for	  both	  hierarchies	  	  

Preliminary	  	  

T2K	  νµ,νe	  Constraint	  

Fit	  (517	  dof)	   χ2	   δcp	   θ23	   Δm23 (x10-3)	  

SK	  +	  T2K	  (NH)	   651.53	   4.887	  	   0.525	   2.5	  

SK	  +	  T2K	  (IH)	  	   654.73	   4.189	  	   0.550	   2.4	  

17	



Test	  of	  Maher	  effect	

Normal	  Hierarchy	

Inverted	  Hierarchy	

•  Atmospheric	  neutrino	  data	  in	  SK	  
prefer	  the	  maher	  effect	  
hypothesis	  or	  not?	  

•  Introduce	  a	  phenomenological	  
scaling	  factor	  α	  to	  electron	  
poten:al:	  

H =UMU † +α ⋅Ve

•  Best	  fit	  is	  at	  α	  =	  0.9	  for	  NH.	  
•  Δχ2	  =	  3.5	  (vacuum),	  0.5(α=1.0)	  
•  Based	  on	  Toy	  MC,	  vacuum	  	  

case	  (α=0)	  excluded	  at	  82%	  confidence.	  
Weakly	  prefer	  existence	  of	  maher	  effect.	  

and	  carried	  out	  3-‐flavor	  ν	  oscilla:on	  
analysis.	  

18	
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FIG. 4 (color online). For comparison, the νμ → νμ (left) and νμ → νe (right) oscillation probabilities, plotted in path length vs neutrino
energy for standard three-flavor oscillations.
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FIG. 5 (color online). The νμ → νμ (left) and νμ → νe (right) oscillation probabilities, plotted in path length vs neutrino energy for the
aT parameter in the (top to bottom) eμ, μτ, and eτ sectors. The aT coefficients scale terms proportional to L, so the distortions get
stronger as cos θz approaches −1.
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Tests	  of	  Lorentz	  Invariance	  	  	  

•  In	  addi:on	  to	  Standard	  L/E	  dependence,	  L	  
or	  L・E	  dependences	  are	  introduced.	  

•  Spacially	  isotropic	  case	  is	  tested	  (sensi:ve	  
to	  sidereal	  effects	  as	  well...)	  

P(νµ→νµ )	  	  	  

Re(aT)	 Im(aT)	

eµ	 eτ	 µτ	 eµ	 eτ	 µτ	

2×10-‐23	 4×10-‐23	 8×10-‐24	 2×10-‐23	 2×10-‐23	 4×10-‐24	

Re(cTT)	 Im(cTT)	

eµ	 eτ	 µτ	 eµ	 eτ	 µτ	

4×10-‐26	 2×10-‐24	 2×10-‐26	 4×10-‐26	 2×10-‐24	 2×10-‐26	

Results	

7

dom), corresponding to goodness-of-fit p-values around
2.5%. The best-fit momentum and zenith distributions
for the aT and cTT fits are shown, compared with the
data, in Appendix C. A summary of the fit results, in-
cluding upper limits at the 95% confidence level, best-fit
values, and levels of agreement with no Lorentz violation
can be seen in Tab. II. The two-dimensional contours
at the 95% confidence level on aT and cTT are shown in
Figs. 3(a)-3(b) respectively. The limits on the real and
imaginary parts of the parameter are slightly di↵erent in
the e⌧ and µ⌧ sectors because these fits found best fit
points with di↵erent values for the real and imaginary
components.

IV. CONCLUSIONS

The large range of energies and path lengths in the
atmospheric neutrino sample make it sensitive to a va-
riety of spectral distortions introduced by violations of
Lorentz invariance as parameterized by the Standard
Model Extension. However, the long distances and high
energies make the perturbative approach used in other
experiments inappropriate, so we present the first anal-
ysis of Lorentz violation in neutrino oscillations where
the full, non-perturbative Hamiltonian is used, combined
with three-flavor neutrino oscillations. No evidence of LV
is seen, so we set limits on the isotropic parameters aT

and cTT in the eµ, µ⌧ , and e⌧ sectors. These are the
first limits on the isotropic parameters in the µ⌧ sector,
and we improve the existing limits [12] on aT by 3 orders
of magnitude and on cTT by seven orders of magnitude
thanks to the wide range of energies and path lengths of
the neutrinos in the atmospheric neutrino samples. Fu-
ture studies of SK atmospheric neutrino data could also
set limits on the directional parameters by searching for

sidereal variations in the atmospheric neutrino data.
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Appendix A: Neutrino oscillations with Lorentz
violation

This appendix shows the full calculation of the neu-
trino oscillation probabilities with both three-neutrino
mixing and Lorentz Violation, without assuming that the
baseline is short or that the LV Hamiltonian is small.
Neither of these approximations is valid for SK because
of its wide range of path lengths and energies.
The oscillation probabilities for Lorentz violation plus

three-flavor oscillations including matter e↵ects are cal-
culated by diagonalizing the Hamiltonian which includes
all these pieces, following the method from [62]. Com-
bining the parts described individually in Section II,

H = U

0

B@
0 0 0

0 �m2
21

2E 0

0 0 �m2
31

2E

1

CAU †±
p
2GF

0

B@
Ne 0 0

0 0 0

0 0 0

1

CA±

0

B@
0 aTeµ aTe⌧�

aTeµ
�⇤

0 aTµ⌧�
aTe⌧

�⇤ �
aTµ⌧

�⇤
0

1

CA�E

0

B@
0 cTT

eµ cTT
e⌧�

cTT
eµ

�⇤
0 cTT

µ⌧�
cTT
e⌧

�⇤ �
cTT
µ⌧

�⇤
0

1

CA , (A1)

where U is the PMNS mixing matrix, E is the neutrino
energy, GF is Fermi’s constant, and Ne is the average
electron density along the neutrino’s path. For antineu-
trinos, the complex conjugates of all terms are taken
(though in practice this only a↵ects �cp in U and the
a and c parameters) and the signs of the ⌫e matter e↵ect
and a matrices are negative.

The next step is to diagonalize this 3⇥3 matrix to cal-
culate the new eigenvalues and mixing matrix. Since the
Hamiltonian is Hermitian the eigenvalues are guaranteed
to be real. They can be calculated below as the roots of

a cubic equation,

Ei = �2
p
Q cos

✓
✓i
3

◆
� a

3
, (A2)

with i = 0, 1, 2 and where the components Q and ✓i,

Q =
a2 � 3b

9
(A3)

✓0 =cos�1
⇣
RQ� 3

2

⌘
(A4)

✓1 =✓0 + 2⇡ (A5)

✓2 =✓0 � 2⇡, (A6)

•  Non-‐standard	  terms	  from	  Lorentz	  invariance	  viola:ng	  (LIV)	  effect	  is	  tested.	  
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FIG. 4 (color online). For comparison, the νμ → νμ (left) and νμ → νe (right) oscillation probabilities, plotted in path length vs neutrino
energy for standard three-flavor oscillations.
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FIG. 5 (color online). The νμ → νμ (left) and νμ → νe (right) oscillation probabilities, plotted in path length vs neutrino energy for the
aT parameter in the (top to bottom) eμ, μτ, and eτ sectors. The aT coefficients scale terms proportional to L, so the distortions get
stronger as cos θz approaches −1.
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Standard	

Finite	  aTeµ	

Most	  Stringent	  limit,	  (O(3)~O(7)	  improved	
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Sterile	  Neutrino	  Oscilla:ons	  in	  
Atmospheric	  Neutrinos	  

•  (Standard	  neutrinos	  +	  sterile	  neutrinos)	  is	  
tested	  for	  large	  Δm2

41	  	  region	  
(>0.01eV2)	  .	  

•  Two	  cases	  are	  inves:gated	  
•  Ue4	  is	  assumed	  to	  be	  0.	  
•  No	  maher	  effect	  from	  NC	  poten:al	  

on	  sterile	  neutrinos.	  	  

•  Turning	  off	  sterile	  maher	  effects	  
while	  preserving	  standard	  three-‐
flavor	  oscilla:ons	  provides	  a	  pure	  
measurement	  of	  	  |	  Uµ4	  |2	  	  	  

•  As	  with	  similar	  experiments,	  no	  
strong	  sterile-‐driven	  νµ	  
disappearance	  	  

•  |	  Uµ4	  |2	  <	  0.041	  at	  90%	  C.L.	  	  

PMNS	   Sterile	  

2|
4µ

|U
-310 -210 -110

)2
 (e

V
412

m
Δ

-110

1

10

210

90% C.L.

MiniBooNE	  +	  	  
SciBooNE	  
PRD86,	  
	  052009	  (2012)	  	  

CCFR	  
PRL.	  52,	  	  
1384	  (1984)	  	  

MINOS	  
Preliminary	  
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Super-‐K-‐Gd	  project	
=Water	  Cherenkov	  detector	  with	  Gd	  dissolved	  water	  as	  neutron	  absorber	  	  

•  High	  efficient	  neutron	  tagging	  using	  
0.2%	  Gd2(SO4)3	  dissolved	  water.	  

•  Delayed	  coincidence	  of	  γ-‐ray	  signal	  from	  
thermal	  neutron	  capture	  on	  Gd.	   n	

Physics	  targets:	  
•  Supernova	  relic	  neutrino	  (SRN)	  
•  Reduce	  proton	  decay	  background	  
•  Neutrino/an:-‐neutrino	  

discrimina:on	  (Long-‐baseline	  and	  atm	  
nu's)	  

and	  more..	  

thermalize	  &	  captured	

γ	  rays	  (Etot~8MeV)	
ν	

•  5yr	  evalua:on	  experiment	  (EGADS)	  tests	  water	  quality,	  materials,	  basic	  techniques,..	  
•  On	  June	  27,	  2015,	  the	  Super-‐Kamiokande	  collabora:on	  approved	  the	  Super-‐K-‐Gd	  project.	  
•  Actual	  schedule	  including	  refurbishment	  of	  the	  tank,	  	  Gd	  loading	  :me	  will	  be	  determined	  
soon	  taking	  into	  account	  the	  T2K	  schedule.	

T2K	  beam	  	  
(NEUT	  5.1.4.2)	

21	



Summary	
•  Presented	  new	  result	  with	  4972	  days	  SK	  data	  

–  3-‐flavor	  neutrino	  oscilla:on	  
•  χ2NH	  –	  χ2IH	  =	  -‐3.0	  (-‐3.2	  with	  T2K	  external)	  
•  Weakly	  favor	  Normal	  hierarchy,	  but	  not	  significant.	  
•  Weakly	  favor	  non-‐zero	  θ13	  

•  Test	  maher	  effect	  
–  No	  maher	  effect	  is	  weakly	  disfavored	  by	  86%	  C.L.	  

•  3.8σ	  evidence	  of	  ντ	  appearance	  
•  Non-‐standard	  ν	  oscilla:on	  

–  No	  indica:on	  of	  Lorentz	  invariance	  viola:on.	  
–  No	  indica:on	  of	  sterlie	  neutrino	  oscilla:on	  .	  

•  Neutrino	  flux	  measurement	  via	  Super-‐K	  data	  
•  Super-‐K	  next	  project	  

–  Super-‐Kamiokande	  approved	  SK-‐Gd	  project	  
22	



Supplements	
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A�er	  ~5yr	  Technical	  Evalua:on	  experiment	  
(EGADS)	  ,	  we	  proved	  that	  basic	  techinique	  is	  	

•  On	  June	  27,	  2015,	  the	  Super-‐Kamiokande	  collabora:on	  approved	  the	  Super-‐K-‐Gd	  project.	  
•  Actual	  schedule	  including	  refurbishment	  of	  the	  tank,	  	  Gd	  loading	  :me	  will	  be	  determined	  
soon	  taking	  into	  account	  the	  T2K	  schedule.	

☑Gd	  water	  transparency	  must	  be	  similar	  to	  SK	  water	  
☑Effect	  of	  Gd	  to	  detector	  materials	  	  	  
☑Effect	  of	  Gd	  water	  quality	  to	  physics	  analysis	  
☑How	  to	  stop	  leak	  of	  SK	  detector	  
	  	  	  	  (But	  s:ll	  exploring	  improved	  methods)	  
□Reduc:on	  of	  radioac:ve	  backgrounds	  in	  Gd	  powder	  
	  	  	  	  (only	  affects	  Lowe	  analysis)	  
☑：done,	  □：under	  study	  

“Mini”	  Super-‐K	  :	  same	  materials	  used	  

Measured	  Water	  quality	  à	  MC	  study	  for	  Physics	  	

24	



Official	  statement	  from	  Super-‐K	  collabora:on	
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PMT	  signal	  :me	  (ns)	  

Data	

MC	  

Calibra:on	  of	  the	  detector	
Real	  data	

MC	  	  
simula:on	

Detailed	  Calibra:on	  works	  has	  been	  done	  
intensively	  with	  in-‐situ	  &	  ex-‐situ	  sources:	  
(pulse	  laser,	  CRµ,	  electron	  LINAC,	  ..)	  
•  Timing	  response	  of	  PMTs	  
•  Gain	  of	  PMTs	  	  
•  Water	  transparency	  measurement	  
•  Detector	  Uniformity	  	  …	  

Full	  Monte	  Carlo	  (MC)	  simula:on	  has	  
been	  developed	  based	  on	  
measurements	  of	  fundamental	  
parameters	  &	  available	  models.	

Well	  test	  the	  event	  	  reconstruc:on	  
performance	  
•  Vertex,	  direc:on	  
•  Par:cle	  iden:fica:on	  
•  Energy	  reconstruc:on,	  …	  
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Stability	
Key	  issue	  is	  a	  water	  quality.	

Convec'on(suppression(in(SK�
•  Very(precisely(temperature6controlled(
(±0.01oC)(water(is(supplied(to(the(boAom.(

��
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• Keep	  water	  quality	  by	  con:nuous	  purifica:on	  of	  
the	  water.	  

• Carefully	  control	  the	  flow	  inside	  Super-‐K	  
• Water	  transparency	  is	  con:nuously	  monitored	  and	  
taken	  into	  account	  in	  event	  reconstruc:on.	  

• 1%	  level	  stability	  of	  energy	  es:ma:on.	
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